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We propose a hybrid inflation model with a complex waterfall field which contains an interaction 
term that breaks the U(l) global symmetry associated to the waterfall field charge. We show that 
the asymmetric evolution of the real and imaginary parts of the complex field during the phase 
transition at the end of inflation translates into a charge asymmetry. The latter strongly depends 
on the vev of the waterfall field, which is well constrained by diverse cosmological observations. 
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We know only 4% out of the total material content 
of the universe is of baryonic nature, the type of matter 
we seem to understand thanks to the Standard Model of 
Particle Physics and nucleosynthesis process of the early 
universe. However, even in this well understood case one 
fundamental question remains open: why this baryonic 
component is almost completely made of matter and not 
of antimatter? This is usually quoted as the baryonic 
asymmetry problem. Sakharov in Ref . jlj showed that any 
quantum field theory could generate a baryonic asym- 
metry if three conditions are satisfied: no-conservation 
of the baryonic charge, CP and C violation, and out-of 
equilibrium condition for the universe. The electroweak 
standard model cannot produce the baryonic asymmetry 
of the universe as the condition to be out of equilibrium 
cannot be fulfilled at the electroweak phase transition. 

In this paper, we shall present a particular model of 
hybrid inflation^, Q in which a complex scalar field is 
the responsible for both the symmetry breaking that puts 
an end to inflation and for the production of a baryonic 
asymmetry in the early universe. The Lagrangian of our 
model is CP conserving for most of inflation, but we shall 
show that the dynamics of the waterfall field will generate 
an effective CP asymmetry at the very end of inflation. 

The use of a complex waterfall field in hybrid inflation 
has been studied before inQ, where the process of sym- 
metry breaking, which produces cosmic strings instead 
of domain walls, was studied in some detail. The idea of 
a complex scalar field as the responsible for generating 
a baryonic asymmetry has been proposed before in some 
other models, see for instance 0,0]. In these models, the 
complex field can be identified with other relevant scalar 
fields, like the inflaton and the quintessence fields. 

A similar idea to ours was worked out inQ, where 
an extra complex field, apart from the standard real 
fields of hybrid inflation, is the responsible of baryoge- 
nesis through an Affleck-Dine mechanism. Nevertheless, 
our model is a simpler one as it does not require the 
introduction of extra fields. 



To begin with, we consider that during the early infla- 
tionary universe there were two scalar fields, the inflaton 
<j>, and another complex one a wearing a charge which 
we call baryonic charge. These fields are both minimally 
coupled to gravity, and endowed with a scalar potential 
of the form 
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This potential resembles the hybrid potential for infla- 
tion, and for (5 = 0, the complex field could be identified 
with the waterfall field of standard hybrid inflation^]. 
There are six free parameters, with S = |<5|e ie,s being a 
complex constant. 

Notice that potential ((TJ allows the total Lagrangian 
to be renormalizable, and is invariant under the discrete 
symmetry a — ► —a. Another a -term could be added 
to the potential, but such term would have a negligible 
effect in our calculations below. 

In order to grasp the dynamics of the fields, we need to 
know the critical points of the scalar field potential. As in 
the standard case, there are two critical points of physical 
interest. The first one is a local maximum, and is located 
at cj) = \a\ = 0, and the corresponding value of the scalar 
potential is V(0, 0) = M 4 / (4A 2 ); this is considered a false 
vacuum because is unstable. The critical value of the 
complex phase of a, 6, at this point cannot be resolved, 
but it will depend on the initial conditions and on the 
particular evolutionary path that may have carried the 
waterfall field into \a\ = 0. The second critical point, 
which corresponds to the true vacuum of the system, is 
a global minimum and is located at <j> — and X\a\/M = 
1. Again, the complex phase cannot be resolved but 
this time because the global minimum of the system is 
degenerate. 

Even if the presence of the complex parameter 8 does 
not have any effect in the location of the critical points, it 
should be noticed that S does break the U(l) symmetry of 
the Lagrangian whenever both the inflaton and waterfall 
fields arc different from zero. 

On the other hand, we notice that the phase of S can 
be removed from the Lagrangian making a phase redefi- 
nition of the waterfall field a. This will also change the 
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dynamical evolution of the fields, but the quantities of 
physical interest in our model happen to be invariant un- 
der rotations of the complex plane. For simplicity then, 
we shall assume hereafter that the (5-coupling is real. 

Our primary quantity of interest, the charge density as- 
sociated to the waterfall field a is given by n a = Im(a*d), 
and obeys a Boltzmann equation in the form 
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Eq. (JSJ) clearly illustrates that any source for the charge 
density comes from the potential term with the 5 cou- 
pling. But such source needs non-zero field values in 
order to modify the charge density n a . 

As for inflation, we will assume the conditions for the 
so-called vacuum inflation (VI) 0, 0). First, the inflaton 
field accomplishes the constraint cf> ^> M/g before the 
beginning of inflation. As we will show below, that con- 
straint is modified in our extended model, but the value 
Mj g still gives the correct order of magnitude to start an 
inflationary stage. In this case, the effective mass of the 
waterfall field is positive definite, and this makes \a\ — >■ 0. 

Second, the constant term in potential ([T]) is initially 
the dominant one. From the Friedmann equation of cos- 
mology, this means that the Hubble parameter during 
inflation is almost constant, its value given by Hq ~ 
( -\/27r/3 A 2 ) (M 2 /mpi), where mpi is the Planck mass. 
Hence, the second condition for VI can also be written 
asmC Hq . 

Once inflation starts, the waterfall field is located 
near the local minimum \a\ = 0, whereas the infla- 
ton field obeys the slow-roll equation 3H <f> ~ ~m 2 (f>. 
The universe expands almost exponentially with time, 
and the scale factor of the universe evolves in the form 
R = R en( ie~ N , where we have defined the number of e- 
foldings to the end of inflation as N = Ho(t en d — t). The 
subscript 'end' in all quantities means their values at the 
end of inflation. In this approximation, the solution for 
the inflaton field is 



<Kt) = </wexp [(m 2 /3H 2 )N] 
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The only possibility to put an end to VI is by the desta- 
bilization of the waterfall field. In the case S — 0, that 
proceeds as in standard hybrid inflation with a real water- 
fall field[|. However, our model presents some additional 
features we are to study below. 

During inflation, we describe the motion of the com- 
plex waterfall field around the local minimum \a\ — as 
that of small classical oscillations. In this regime, the 
waterfall field is not coupled to the inflaton, so its real 
and imaginary parts can be considered a separate pair of 
coupled and damped harmonic oscillators of the form 



-3H Q ± 
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where the ± signs are in correspondence, and the fields 
Q± are the perturbations of the real and imaginary parts 
of a, respectively. 



As seen in Eqs. ((4]), there are two special points in the 
slow-roll down of the inflaton field for which the masses 
of the oscillators vanish, cf>± — M / y/g 2 ± \S], and then 
</> + < 0_. Next, we can use the slow- roll inflaton's solu- 
tion, Eq. ([3]), and the assumption m <C Hq, to give the 
explicit time-dependence of the mass terms, 



m 2 ± (t) 



M 2 m 2 
3Hq 



-(*±-t): 
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where t± are the corresponding times of <p± such that 
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Therefore, the exact solution of Eqs. ((3]) can be given in 
terms of Airy functions as follows 

Q+(t) = C + R- 3 / 2 f + [u + (t)}, (7a) 
Q_(t) = CLir 8 ' 2 /- [«-(«)], (7b) 

f±(u) = AiryAi( M± ) + C;AiryBi( M± ), (8a) 



where 
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being C± and CJ. arbitrary constants. 

The normal modes Q± are destabilized at different 
times as the inflaton field rolls down to the origin of coor- 
dinates. We notice that Q_ is destabilized first from the 
false vacuum once <f> ~ (f>— , and Q + is destabilized next at 
4> ~ 0+ . It is at this point that we can considered the sys- 
tem as completely destabilized, as both oscillation modes 
now grow and roll down to the true vacuum. 

However, all the results in Eqs. and (jHJl are valid 
under the assumption that inflation proceeds up to t = 
t_l_, and then if t + < t enl j. We can estimate the value of 
t en d if we assume that for t > t_ the mode Q_ follows the 
effective minimum at fixed 4> once the latter falls below 
</>_[3[. The end of inflation would happen at the time 
the slow-roll parameter e(4>end) — 1; from this and after 
some involved algebra, we obtain the strong constraint 
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This result confirms that inflation ends almost instanta- 
neously soon after the critical point (</>_ in our case) is 
reached, as described in more detail in[l, H, [§]. 

We shall take for granted that condition © is satisfied 



so that 



> 



Jend • 



and then that we fulfill the afore- 



mentioned restriction t + < t en d- Eqs. ([6]) and ([9]) can be 
combined together to impose an upper limit on |<5|/(7 2 , 
whose maximum value is reached for <f>+ = 4> en d- We 
assume hereafter that the latter condition applies, and 
then 
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In passing, we would like to mention that the spec- 
trum of primordial perturbations is not sensitive to the 
complex nature of the waterfall field a, as the final out- 
put is under the control of the inflaton field only. Ac- 
tually, the amplitude of primordial perturbations for the 
potential {1} reads Sh = <$/?\/l — \S\/g 2 , where 5h is 
the standard hybrid inflation result [2J. Thus, under the 
assumption |<5|/g 2 <C 1, our model preserves the main 
results of standard hybrid inflation as regards density 
perturbations @, S, S Gl, El El • 

On the other hand, Eqs. ([4]) are also the equations of 
motion for the quantum fluctuations of the waterfall field. 
It has been shown in[9(, that these quantum fluctuations 
are negligible if they are very massive, i.e. m± > Hq. 
But once their masses are smaller than Hq, which hap- 
pens around the times at which the modes become mass- 
less, m± = 0, the fluctuations acquire an amplitude of 
the order Q± ~ Hq/2tt. Such an assumption is not ex- 
act, but it is a reasonable one because the contributions 
to the full amplitude made by different wavelenghts are 
comparable; for further details see@. Therefore, in order 
to fix the arbitrary constants in Eqs. |7|). we impose the 
conditions 0, El 

Q±(t±)^±^, Q±(t)^-—j—. (li) 

2n SH oQ± 

These conditions represent the slow-roll motion of the 
©/-fields close to their instability points. 

Notice that the normal modes Q± are evaluated at the 
points they are effectively massless, and that the slow-roll 
condition suggests Q±(t±) ~ 0. The latter also implies 
that C+ = CI [HI, and then both normal modes Q± can 
be described by the same function, /-=/+ = /• Thus, 
Eqs. ([7]) now read 
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in which R± indicates the values of the scale factor at 
which the respective mode becomes massless. 

Any charge asymmetry in the waterfall field should 
happen in between the times t± , where both scalar fields 
<t> and a have enough amplitude to be a source for the 
Boltzmann equation @. That the produced charge is 
not null critically depends on the asymmetric evolution 
of the oscillation modes Q± which allows to generate a 
CP asymmetry during the time interval At = t + — t_; 
for 5 = the modes are destabilized at the same time 
and no charge would be generated. The final result after 
Eqs. ([IT]) and is then 



.(t+)Q+(t+) = (l/6n)m 2 _(t + )Q_(t + ) . 
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Because the proximity of u_ and u + , the last ratio on 
the r.h.s. of Eq. (|13[> is of order of unity plus corrections 
of order |5|/<7 2 ; as the asymmetry is already proportional 
to the latter, we will take it equal to unity. 

With the help of Eqs. ([6]) and (jjJJ), the argument in the 
exponential term in Eq. ([13]) can be related to the COBE 
normalization condition pjl liL Eol] . so that 



9H 2 \S\ 3tt 3 / 2 {M/mpif 



2m 2 g 2 2X 2 g (m/mpi)' 



2.93xl(T 4 4-, (14) 
9 



where the very last equality appears from the known 
CMB constraint on primordial perturbations, see 
Eq. (12) in Ref.[|. 

Eq. (|14p is a fundamental result, as it relates the asym- 
metric evolution of modes Q± with the amplitude of infla- 
tionary density perturbations. However, we should stress 
out that such a relation is only valid if \S\ ^ 0. Also, we 
would like to stress out that our assumption |<5|/.g 2 <C 1 
is guaranteed if to Hq, see Eq. (|14|). In consequence, 
all our calculations are valid within the regime expected 
for vacuum inflation. 

To make an order of magnitude estimation, we will 
assume that reheating occurs promptly at the end of 
inflation so that the reheating temperature is T re y l = 
[30/(47r 2 3*A 2 )] 1/4 A/. If the total entropy is produced in 
the reheating stage, the baryonic asymmetry produced 
in the model presented here is estimated to be 



1.77 
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M 2 



-xe 
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where variable x 2 in the exponential is the term given 
in Eq. (|14[>. and g* (q*) represents the density (entropy) 
degrees of freedom, respectively. 

Let us take that g* — ~ 10 2 , and estimate the max- 
imum charge asymmetry carried by the waterfall field; 
this is accomplished for x = \j\[2. If the expected 
asymmetry is of order ~ 10~ 10 , then we get the lower 
bound (M/mpi) > 10~ 5 . On the other hand, the com- 
bined constraints on the amplitude and on the spectral 
index of primordial perturbations give the upper bound 
(M/mpi) < 5 x 10- 5 A/ 5 g. 

It is not easy to satisfy both constraints in the gen- 
eral case. We should note that A <C g would not be 
allowed, and so the constraints seem to prefer A > g. Ac- 
tually, all parameters can be resolved in the case g ~ A, 
for which we get (M/mpi) ~ 10~ 5 and A ~ g ~ 10~ 4 . 
This scenario may not be the most realistic, as the vev of 
the waterfall field is just below the Planck scale, and the 
inflaton field should be of the same order before the be- 
ginning of inflation. In all other cases, we can summarize 
the results by normalizing A = 1, and get the following 
range for the remaining free parameter 0.05 < g < 0.5; 
correspondingly we get 10~ 5 < (M/mpi) < 10~ 2 . 

Standard calculations [lij show that cosmic strings in 
our model would have a string tension \x of the order 
of G/x ~ (M/Xmpi) I . Current constraints coming from 
CMB observations suggest Gfj, < 10" 6 [H,E1. If taken 
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into account, this constraint will shorten the allowed 
range to 10~ 5 < {M/m Pl ) < 10~ 4 ; this means our model 
could be falsified if cosmological constraints are improved 
in the near future. 

The charge of the waterfall field can be easily trans- 
lated in a baryonic asymmetry once the a field decays 
into fermions, 



TIB 
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kAB- 



l AB 
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where T a is the a-total width, Tab is the rate of a- 
decays into fermions for a given AB, and k is the sup- 
pression factor due to interactions of the waterfall fields 
with the inflaton. For instance, the channels violating the 
charge of the waterfall field without producing fermions 
are T(a — ► 2(f)) or T(a+a — ► 0+0), which are proportional 
respectively to g 4 /X 2 and |<5| 2 . These channels are sup- 
pressed for some of the values allowed by the constraints 
discussed above. 

The mechanism presented throughout this paper to 
generate a baryonic asymmetry is generic and illustrates 
how such an asymmetry can be produced at the phase 
transition of hybrid inflation. The model appears to be 
the simplest realization, as there is no need of extra fields 
and the term added to the standard potential is not com- 
plicated. 

An order of magnitude estimation was made assuming 
prompt reheating after the end of inflation. However, in 
a more realistic scenario the fields would roll down to the 
minima of potential ([I]) and start to oscillate, leading 
to an extended reheating process and maybe to other 
mechanisms of coherent baryogenesis[3, H?}- As for our 



model, we do not expect the production of substantial 
charge asymmetry in this last stage, mainly because of 
the smallness of the inflaton field after inflation. 

For simplicity too, we called baryonic charge the one 
associated to the complex waterfall field. However, in 
realistic models, it would be better to choose another 
charge (for instance the B — L-charge in place of the B- 
charge) for the a-field to avoid any suppression of the 
baryonic asymmetry at further stages in the evolution of 
the universe. In case the a-field charge is the baryonic 
charge, it is clear that the vev of the a-field in the true 
vacuum will spontaneously break the baryonic charge. 
But, it is important to notice that by making a judicious 
choice of the value of the baryonic charge of the a field 
(for instance Q a > 2), it is possible to avoid the restric- 
tions on baryonic violating interactions coming from the 
experimental limits on proton decays. 

Nevertheless, how this asymmetry could be transferred 
to the observed matter-antimatter asymmetry, and how 
to keep it until our present time are still open questions. 
Any answer crucially depends on the coupling of the wa- 
terfall field to ordinary matter and the reheating mecha- 
nism after inflation; this is work under research and will 
be reported elsewhere |18|. 

Acknowledgments 

We thank Abdel Perez-Lorenzana and Mark Hind- 
marsh for useful comments and discussions. C. M. ac- 
knowledges a scholarship from CONACYT. This work 
was also partially supported by CONACYT grants 
(42748, 46195 and 47641), DINPO 85, and PROMEP 
grants UGTO-PTC and UGTO-CA-3. 



[1] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967), 

[JETP Lett. 5, 24 (1967)]. 
[2] A. D. Linde, Phys. Rev. D49, 748 (1994), astro- 

ph/9307002. 

[3] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stew- 
art, and D. Wands, Phys. Rev. D49, 6410 (1994), astro- 
ph/9401011. 

[4] G. N. Felder et al., Phys. Rev. Lett. 87, 011601 (2001), 

hep-ph/0012142. 
[5] R. Rangarajan and D. V. Nanopoulos, Phys. Rev. D64, 

063511 (2001), hep-ph/0103348. 
[6] F. Bauer, M.-T. Eisele, and M. Garny, Phys. Rev. D74, 

023509 (2006), hep-ph/0510340. 
[7] Z. Berezhiani, A. Mazumdar, and A. Perez-Lorenzana, 

Phys. Lett. B518, 282 (2001), hep-ph/0107239. 
[8] J. Garcia-Bellido and A. D. Linde, Phys. Rev. D57, 6075 

(1998), hep-ph/9711360. 
[9] J. Garcia-Bellido, A. D. Linde, and D. Wands, Phys. Rev. 

D54, 6040 (1996), astro-ph/9605094. 
[10] J. Garcia-Bellido and D. Wands, Phys. Rev. D54, 7181 



(1996), astro-ph/9606047. 
[11] H. J. de Vega and N. G. Sanchez (2006), astro- 
ph/0604136. 

[12] D. N. Spergel et al. (2006), astro-ph/0603449. 

[13] M. Bastero-Gil, S. F. King, and J. Sanderson, Phys. Rev. 
D60, 103517 (1999), hep-ph/9904315. 

[14] E. W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990). 

[15] N. Bevis, M. Hindmarsh, M. Kunz, and J. Urrestilla 
(2007), astro-ph/0702223. 

[16] M. Sakellariadou (2007), hep-th/0702003. 

[17] B. Garbrecht, T. Prokopec, and M. G. Schmidt, Phys. 
Rev. Lett. 92, 061303 (2004), hep-ph/0304088. 

[18] C. Martinez, D. Delepine, A. Perez-Lorenzana, and L. A. 
Urena-Lopez, in progress. 

[19] The condition C+ = CI also suggests that the initial con- 
ditions imposed on Q± at t <C t± were symmetrical. As 
we shall show, our model can generate a baryonic asym- 
metry even if there is none induced by initial conditions. 



